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Abstract.

CP-violating interactions at quark level generate CP-violating nuclear interactions and currents, which could be revealed by looking at the presence of a
permanent nuclear electric dipole moment. Within the framework of chiral effective field theory, we discuss the derivation of the CP-violating nuclear potential up to next-to-next-to leading order (N2 LO) and the preliminary results for
the charge operator up to next-to leading order (NLO). Moreover, we introduce
some renormalization argument which indicates that we need to promote the
short-distance operator to the leading order (LO) in order to reabsorb the divergences generated by the one pion exchange. Finally, we present some selected
numerical results for the electric dipole moments of 2 H, 3 He and 3 H discussing
the systematic errors introduced by the truncation of the chiral expansion.

1 Introduction
The measurement of electric dipole moments (EDMs) of particles is the most promising observable for studying new sources of charge (C) and parity (P) violation [1, 2]. The standard
model (SM) has a natural source of CP violation in the Cabibbo-Kobayashi-Maskawa quark
mixing matrix; however, it only induces EDMs through multiple electroweak loops and lead
to immeasurably small values for EDMs [3, 4]. Therefore, any non-vanishing EDM of a
nuclear or an atomic system would highlight CP violating e↵ects due to the so-far undiscovered quantum chromo dynamic (QCD) ✓-term or from beyond-the-SM (BSM) sources of CP
violation. Current experimental EDM limits [5–7] constrain large set of CP-odd dimensionsix operators at the multi- TeV scale at the level of SM e↵ective field theory (SMEFT), that
translate in limits on BSM models.
The connection between the SMEFT and the EDMs of complex objects such as nuclei is
not trivial. However, the combination of lattice QCD (LQCD) [8–10], chiral e↵ective field
theory (χEFT) [11–13] and ab-initio nuclear calculation [14–16] permits to exploit this connection, improving significantly model-independent first principle calculations. The starting
point is the SMEFT which permits to derive CP-violating operator that involves only light
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quarks, gluons and photons. Using then χEFT it is possible to construct CP-violating Lagrangians where the relevant degrees of freedom are pions, nucleons and photons. Associated
to each Lagrangian there is a low-energy constant (LEC) that take care of all the higher energy degrees of freedom. The LECs can be ideally calculated by LQCD. From the χEFT Lagrangian is then possible to derive the CP-violating nuclear interactions and currents, which,
in combination with modern few-body ab-initio techniques, can be used to compute the EDM
of light nuclei. It is important to note that also the LECs have di↵erent chiral order based on
the source of CP-violation [11, 12]. In this sense only several independent measurements of
di↵erent nuclear EDMs can permit to fix all the LECs and then to distinguish between the
various possible sources of CP-violation.
The χEFT approach is based on the observation that the chiral symmetry exhibited by
QCD has a noticeable impact in the low-energy regime. Therefore, the CP-violating interactions among pions, nucleons and photons are constrained in order to reproduce the
same behavior under chiral transformation that is given at the SMEFT level. Moreover,
the χEFT framework provides an expansion of nuclear amplitudes in terms of p/⇤χ where
p ⇠ m⇡ ⇠ O(100 MeV) and ⇤χ ⇠ 4⇡F⇡ ⇠ O(1 GeV) [17–19], where F⇡ ' 92.4 MeV is the
pion decay constant.
EDMs of light nuclei were computed using CP-violating interactions that were derived up
to N2 LO [16, 20]. However, a full consistent calculation of the EDMs would require the development of the corresponding electromagnetic current (in term of the charge operator) up to
the same order. As the best of our knowledge, within χEFT, this work has been only partially
carried out in Ref. [21], and only for the deuteron. Moreover, some recent results [22] showed
that the Weinberg’s power counting scheme, based on naive dimensional analysis (NDA) of
the LECs, is not reliable in the nuclear sector for CP-violating interactions. Therefore, we
need to reconsider the chiral order at which some of the interactions appear.
In this proceeding, after discussing some basic definitions for the computation of the
EDM of nuclei in Section 2, we will briefly discuss the derivation of the CP-violating nuclear
interactions and currents in Section 3. In this section we will also present the arguments contained in Ref. [22] in order to reconsider the NDA power counting scheme. Finally selected
numerical results are provided in Section 4.

2 Basics on nuclear EDMs
The EDM dA of a nucleus is given by the matrix element
dA = lim

q2 !0

1
h
iq

A,J,J

|⇢(q)|

A,J,J

i,

(1)

where q is the momenta carried by the exchanged photon, A,J,J the wave function of the
nucleus of mass A with total angular momentum Jz = J and ⇢(q) is the electromagnetic
charge operator. The limit written in this way indicates that only the first multipole of the
charge operator (C1) is considered. In absence of the CP-violating term this matrix element
is zero due to the di↵erent parity generated by the C1 multipole.
In this matrix element the CP-violation can be introduced in two di↵erent ways. The first
is through the wave function. The CP-violating interactions between pions and nucleons at
the Hamiltonian level is expressed as a CP-violating term in the nuclear potential. Therefore,
the solution of the Hamiltonian contains a CP-violating part, and the final wave function can
be then written as
A,J,J
A,J,J
= A,J,J
,
(2)
PC + C
P
⇢
⇢
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where with PC we indicate the parity conserving and time-reversal conserving quantities and
� the CP-violating ones. In this case the charge operator that will appear in the matrix
with �
CP
element will be the standard PC charge operator. At leading order (LO) the only relevant
operator correspond to the electric dipole moment operator it-self, namely
⇢LO
PC (q) = ie

A
X
(1 + ⌧z (i))

2

i=1

ri · q ,

(3)

where e is the electric charge, ri the position of the nucleon i and ⌧z (i) the isospin projection
along the z-axis of the nucleon i. The complete expression for the charge operator up to N3 LO
can be found in Ref. [23]. We will indicate this contribution to the nuclear EDM as dAV and
it is explicitly given by
dAV = 2 ⇥ lim

q2 !0

1
h
iq

A,J,J
A,J,J
i.
PC |⇢PC (q)| C
P
⇢
⇢

(4)

The second way, it is to introduce the CP-violation through the charge operator it-self.
In this case only the PC term of the wave function is needed since the CP-violating wave
function would generate higher order contributions in the CP-violating LECs that can be
discarded. The LO contribution of ⇢⇢
C
P (q) is given by
⇢
⇢CLOP (q)
⇢
⇢

=i

A
X

dn

i=1

!
!!
1 − ⌧z (i)
1 + ⌧z (i)
+ dp
2
2

i

· q,

(5)

where indicates the Pauli matrices and dn and d p are the intrinsic EDM of the neutron
and the proton respectively. The higher order terms of the charge operator up to NLO are
discussed in Section 3. We can write this contribution to the EDM as
dA⇢ = lim

q2 !0

1
h
iq

A,J,J
A,J,J
C
P (q)| PC i .
PC |⇢⇢
⇢

(6)

The final nuclear EDM is then given by the sum of Eqs. (4) and (6), namely
dA = dAV + dA⇢ .

(7)

3 CP-violating interaction and charge operator
Starting from the chiral Lagrangians derived in Refs. [11, 12] it is possible to obtain the
nuclear interaction using the time ordered perturbation theory (TOPT) [16] or the heavybarion (HB) expansion [20]. The TOPT diagrams which contributes to the nuclear potential
order by order up to N2 LO are given in Figure 1. The results are identical to the ones obtained
by using the HB expansion except that the relativistic corrections are typically counted one
order lower. Note that we do not considered at this level the di↵erent power counting that
comes from the LECs them-selves that depends explicitly on the source of CP-violation at
the fundamental level.
The explicit formula for the nuclear potential order by order can be found in Refs. [16,
20]. Here we briefly comment some details. In Figure 1 we separate the various diagrams
on the base of the LEC that is attached to them. The LECs g0 , g1 and g2 present the typical
topology of the one-pion exchange (OPE) at LO and two-pions exchange at N2 LO. A characteristic of the CP-violating interaction is the presence of a three-pions vertex that generate at
NLO a new topology. At the same order also three-body forces arises due to the same vertex.
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By considering NDA the contact interactions appear at N2 LO. However, following the
analysis of Ref. [22], the iteration of the OPE CP-violating term proportional to g0 in the
Lippmann-Schwinger equation (that is the analogous of solving the Hamiltonian) generate
divergences that cannot be cured at LO, if not by promoting a counter-term (i.e. the contact
interaction) at LO as well. In Figure 1 this is indicated by the red arrow. The same promotion
is not necessary for the OPE proportional to g1 [22]. There are no analysis about the OPE
diagrams proportional to g2 so far, even if the similar operator structure to the g0 term suggest
that the promotion of the relative counter-term at LO could be necessary. While for the
numerical computation of the contribution of the single diagrams the change of the power
counting has no impact, it has an enormous impact when the LECs are fitted to reproduce the
experimental data.

Figure 1. Diagrams contributing to the CP-violating nuclear potential for each di↵erent LEC following
the NDA. The full (empty) circles indicates CP-violating (conserving) vertices at LO. The full (empty)
squares indicates CP-violating (conserving) vertices at NLO. The double dashed lines indicate the second order in the pion propagator. Note that the red crossed diagrams cancel out when all the time
ordered diagrams are summed. The red arrow indicate the necessity of promoting some of the contact
interactions as counter-term at LO. See the text for more details.

In Figure 2 we present the preliminary results for the time ordered diagrams of the CPviolating charge operator up to NLO. As can be seen by inspecting the figure at LO we have
the contribution of the single nucleon EDM (see Eq. (5)) and also of the OPE exchange with
the photon attached to the pion on flight. However the time-order diagrams of this topology
cancel out. Therefore, the first contributions beyond the single nucleon EDM come at NLO
where we have again OPE with the photon in the nucleon-pion vertices or with the nucleon
only. Note that there is a new LEC related to a photon-pion-nucleon CP-violating vertex.
At the same order also di↵erent three-pion diagrams with a photon appear. The TPE and
the contact diagrams that contribute to the charge current are instead at N2 LO. The explicit
formula of the CP-violating charge operator will be object of a future publication [24].
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Figure 2. Diagrams contributing to the CP-violating charge current for each di↵erent CP-violating
LEC. The full (empty) circles indicates CP-violating (conserving) vertices at LO. Note that the red
crossed diagrams cancel out when all the time ordered diagrams are summed.

4 Selected numerical results
The EDM of nuclei can be then expressed as a product of the LECs with some numerical
coeﬃcients that contain the dynamic of the potential and the charge operator, namely
dA

= g0 (aV0 + a⇢0 ) + g1 (aV1 + a⇢1 ) + g2 (aV2 + a⇢2 ) + ∆(aV∆ + a⇢∆ )
+

5
X
i=1

Ci (AVi + A⇢i ) + d p a p + dn an + g1V a⇢1V ,

(8)

where the numerical coeﬃcients aVi are the contributions that come from Eq. (4) while the
coeﬃcients a⇢i are the ones coming from Eq. (6). For now we only have results for the first
ones, computed with only the LO charge operator (see Eq. (3)). While some tests showed
that next orders corrections coming form the chiral expansion of the PC charge operator are
numerically very small and almost negligible, this is not true for the CP-violating charge
operator. Therefore, a complete calculation where also the a⇢i coeﬃcients are computed is
necessary to have a fully consistent description of nuclear EDMs.
In order to perform the calculations, we need to introduce a regularization cut-o↵. In our
calculation as regularization function we used
C(⇤) = exp (−(k/⇤)4 ) ,

(9)

where k is the exchanged momentum between the two nucleons. As PC nuclear potential in
the Hamiltonian we use the N4LO/N2LO- 500, the N4LO/N2LO-450, and the N4LO/N2LO550 models from Refs. [25, 26], where the final number is the value of the cut-o↵ ⇤ that we
matched also for the CP-violating part.
We also evaluated the errors on the numerical coeﬃcients due to the truncation of the
chiral expansion as
⇣
⌘2 ⇣
⌘2 ⇣ ⌘2
C
P
⇢
(δai )2 = δaPC + δa⇢
+ δa
,
(10)
i

i

i

C
P
⇢
where δaiPC is the error associated to the chiral expansion of the PC potential, δa⇢
the eri
ror associated with the chiral expansion of the CP-violating potential computed following
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Table 1. Values of the numerical coeﬃcients for the 2 H, the 3 H and the 3 He in units of e fm (an (a p ) in
units of dn (d p )) for a choice of the cuto↵ ⇤ = 500 MeV.
2

an
ap
aV0
aV1
aV2
aV∆
AV1
AV2
AV3
AV4
AV5

H
0.939 ± 0.001
0.939 ± 0.001
−−−
0.192 ± 0.006
−−−
−0.306 ± 0.174
−−−
−−−
0.013 ± 0.004
−0.013 ± 0.004
−−−

3

H
−0.033 ± 0.001
0.909 ± 0.009
−0.055 ± 0.013
0.154 ± 0.004
−0.120 ± 0.009
−0.388 ± 0.101
0.006 ± 0.001
−0.010 ± 0.003
−0.008 ± 0.002
0.013 ± 0.004
−0.022 ± 0.006

3

He
0.908 ± 0.009
−0.033 ± 0.001
0.056 ± 0.013
0.155 ± 0.004
0.118 ± 0.009
−0.383 ± 0.102
−0.006 ± 0.002
0.010 ± 0.003
−0.008 ± 0.002
0.013 ± 0.004
0.022 ± 0.006

Ref. [27] and δai is the error associated to the numerical accuracy of the 3-body wave function which we estimated to be of the order of ⇠ 1%. The calculations of the wave functions
were performed using the Hyperspherical Harmonics approach [28].
In Table 1 as an example we report the results obtained for the aVi coeﬃcients and an and
a p computed for a cut-o↵ of ⇤ = 500 MeV for the deuteron, the tritium and the 3 He. The
detailed tables with all the coeﬃcients for all the di↵erent cuto↵s can be found in Ref. [16].

5 Conclusions
In this proceeding we presented the calculation of the EDMs of nuclei within χEFT. We discussed the derivation of the CP-violating nuclear interaction with particular attention on the
necessity of overcoming the Weinberg’s power counting by adding the CP-violating counterterm at LO in order to reabsorb the divergences generated by the OPE in the Schrödinger
equation. We also presented a preliminary analysis of the diagrams that contribute to the
CP-violating charge operator up to NLO.
Finally we reported some numerical results for which we computed the errors coming
from the chiral expansion truncation. The calculation is for now limited on considering contributions to the EDM that come only from the CP-violating nuclear potential. However, the
contribution coming from the CP-violating charge density is fundamental in order to have a
full consistent description of the nuclear EDMs within χEFT. This work is already ongoing.
To conclude we want to remark that the calculations of this dynamical coeﬃcients together with possible future experimental results on EDMs of light nuclei will permit to determine the LECs and then to individuate the sources of CP-violation at the fundamental level.
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